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SUM&WY. A phosphoryl-enzyme intermediate as part of the mechanism of phospho- 
glycerate kinase has been suggested for the rabbit muscle enzyme (6) and the 
yeast enzyme (7,8). ATP in the binary enzyme-substrate complexes appeared to 
phosphorylate these enzymes and ADP-ATP exchange activities were observed 
(6,7,8). The present report shows, however, that highly purified yeast enzyme 
cannot be phosphorylated by ATP. On the other hand ADP-ATP exchange activity 
was obtained but this was proportional to trace amounts of adenylate kinase 
activity, which was found to contaminate the enzyme preparations. Thus a Ping 
Pong mechanism as an alternative to a mechanism including a ternary complex 
between the enzyme and its two substrates appears very improbable. Whether the 
enzyme or the phohophoryl-group-accepting substrate is responsible for the 
primary nucleophilic attack occurring in the ternary complex is still an open 
question, however. Yeast phosphoglycerate kinase appears to have no RTPase 
activity. 

Steady state kinetic studies (1,2) on the reaction catalyzed by yeast 

phosphoglycerate kinase (ATP:3-phospho-D-glycerate l-phosphotransferase, 

EC 2.7.2.3) suggest that this enzyme, like many other phosphotransferases 

(cf. (3) for a review), reacts by a mechanism that includes a ternary complex 

between the enzyme and its two substrates. The bond cleaved during the cata- 

lytic reaction is between the oggen and phosphorous atoms (4,5). Evidence 

for a phosphoxylated enzyme as part of the catalytic reaction of the rabbit 

muscle enzyme has been presented (6). This evidence served as a stimulus for 

the present study. After completion of our work results suggesting a phospho- 

rylated enzyme as part of the catalytic reaction of the yeast enzyme have 

been published by others (7,8). Our studies indicate that their results must 

be given a different interpretation. 

h'IATERIALS Ah9 METHODS 

Enzymes. Phosphoglycerate kinase was prepared from baker's yeast (9) and 

the main electrophoretic component B (cf. (10)) was used. Glyceraldehyde- 
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phosphate dehydrogenase (XC 1.2.1.12) and pyruvate kinase (EC 2.7.1.40) from 

rabbit muscle, and lactate dehydrogenase (EC 1.1.1.27) from beef heart were 

products of ,;igma Cnemiccl Co. 

Reagents. [l?ase-U-'4C] adenosine 5'-diphosphate in aqueous solution was 

obtained from The Radiochemical Center, Amersham, &gland. 

Activity measurements. The activity of phosphoglycerate kinase was 

measured by the spectrophotometric method of Biicher (11) at conditions 

described earlier (10,12). The activity of adenylate kinase was measured 

spectrophotometrically in the direction of ADP formation according to Chiu 

et al. (13). The assay mixture (1 ml) contained 1.0 mN ATP, 1.0 mEI AKP, 3.0 -- 

mM MgC12, 1.0 m?!I phosphoenolpyruvate, 0.5 II&I NADH, 0.25 bl KC1, SO mFI Tris- 

HCl buffer (pH 7.80, 25'C), 32 activity units of pyruvate kinase, and 67 of 

lactate dehydmgenase. As in the phosphoglycerate kinase assay the change of 

NADH concentration wns followed at 366 run and the activity was expressed as 

V = (dA366/dt)ta* 

Spectrophotometric tests for phosphoxylation of phosphoglycerate kinase 

by ATP. The experimental conditions were as described for the adenylate kinase 

assay (cf. above) but ATP and AKP were excluded (see Fig. 1). 

rvIeasurements of the exchange of C'"C1 .J ,iDP with ATP. The reaction mixture 

containing 1.0 m?J ATP, 1.0 m&T ADP, 0.045 mM [14Cj ADP (40 $ as c14C] AMP) 

giving 1.2 x lo6 cpm, 5.0 mM NgC12, and 50 mM Tris-HCl buffer (pH 7.80, 25'C) 

was supplied with varying amounts of phosphoglycerate kinase to a total volume 

of 100 @. The experiments were performed at 25'C. Aliquots (5 @) were with- 

drawn at appropriate time intervals and were applied to a plate for thin layer 

chromatography (cf. below). Zach spot was scraped together and put into 10 ml 

of In&a-Gel scintillation solution (diluted with 0.6 volumes of glene) for 

radioactivity measurements. 

Thin layer chromatography. The nucleotides ATP, ADP, and AMP were sepa- 

rated by thin layer chromatogmphy on DZAli: cellulose according to Randerath 

(14). The best experimental conditions appeared when celluloses from Merck 
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Fig. 1. Lack of phosphorylation of phospnoglycerate kinase by ATP. ;it tile 
times indicated the assay mixture (see ?XT9WX A?;3 K~TIIODS) was cupplied 
with 25 ~1 .'LTP (IO mK) and 50 @ phosphoglycerate kinnse (PGR, 9.1 mg/ml). 
To test the sensitivity of the assay system successive additions of (A) 10 $l 
and 25 fl of 3-phospho-D-glycerate (PGA, 0.36mM)and (3) IO fl and 25 ~1 of 
ADP (0.50 mN) were performed. Corrections for tic blanJ< values were made. 

Fig. 2. Distribution of radioactivity during the run of an ADP-P-ATP exchange 
experiment, performed with 3.7 K of p:hosphoglycerate kinase. The activity of 
adenylate kinase was 0.013 of the phosphoglycerate kinase activity. 
(s-o), T.1"‘; (A-4)) 2Ji ; (s-n), 4'PP. 

and *hatman were mixed in equal proportions. 'The chromntogram was developed 

in 0.04 bl HCl for about 3 hours, after which the spots were detected in 

&traviolet light. ?. f  values were for ATP 0.06, AI)P 0.34, and AMP 0.92. 

IWULT~ AND DISCUSSIO1~ 

Spectrophotometric tests for phosphorylation of phosphoglycerate kinase. 

Any phosphorylation of the enzyme by ATP should be accompanied by tne forma- 

tion of ADP. Reaction mixtures containing ATP in large molar excess of phos- 

phoglycente kinase (230-540 pg/ml) were assayed for ADP formation during one 

hour. 170 change of absorbance was noticed (see Fig. 1). Judged from the 

results of Rass et al. (15) h t e assay system appeared sensitive enough for 

this test. That was further shown by repeated additions of proper amounts of 

3-phospho-I!-glycerate and ADP, respectively. These reagents appeared to cause 

the expected reactions to go to completion within some minutes (Fig. 1). The 

incorporation of one phosphor/l group per enzyme molecule should at the 

experimental conditions of Pig. 1 have caused a change of absorbance of 0.030 

(the molecular weight of 45 000 for the enzyme (10) and the numeric value of 

629 
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3 300 cm-' for the difference in molar absorption of XADH and.KAD' at 366 nm 

(16) were used in these estimations). Possible ATPase (EC 3.6.1.4) activity 

should cause this change to be much larger. The present results thus indicate 

that phosphoglycerate kinase is devoid of ATPase activity. 

Xxchange of C14C]ADP with ATP. Fig. 2 shows incorporation of radio- 

activity into ATP catalyzed bjr a phosphoglycerate kinase preparation. Initial- 

ly there was also a rapid incorporation of radioactivity from ANP into ADP and 

the dominating reaction appeared to be [14C]A%P + AT? -C c"C] ADP + ADP. 

Note that at zero time the specific radioactivity of AMP was high and that ATP 

was in large molar excess of AMP. As the time passed the reverse reaction 

continuously appeared to take place, causing incorporation of isotope into ATP. 

Equilibrium was reached after 45 min. The equilibrium constant, K = 

[&P][ATP] / ~DPT]~, as estimated from this experiment, is 0.52.eLs value 

is in good agreement with the constant determined earlier (17) for the 

adenylate kinase reaction. Tests on our phosphoglycerate kinase preparations 

showed that these contain traces of adenylate kinase activity (cf. below). At 

40°C this additional activity decreased gradually (Pig. 3). After 36 hours at 

40°C only 12 $ of the adenylate kinase activity remained but the phospho- 

glycerate kinase activity was unaffected. The ADP-ATP exchange experiment was 

repeated with the heat-treated enzyme and the results are presented in Fig. 4, 

which shows that incorporation of radioactivity into ATP occurred at a much 

slower rate than previously (Fig. 2). There was still a rapid flow of radio- 

activity from AMP to ADP. The rate of this reaction was too rapid to be 

quantified, however. The reactions presented in Fig. 4 were far from equilib- 

rium even after 85 min. The results with the heat-treated enzyme strongly 

indicate that the isotope exchange between ADP and ATP was caused by the 

adenylate kinase reaction. 

Is phosphoglycerate kinase responsible for the adenylate kinase activity? 

Five different phosphoglycerate kinase preparations were tested for adenylate 

kinase activity. This was shown to vary between 0.001 and 0.013 $ of the phos- 
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Fig. 3. The time-dependences 
(in min' ') 

of the activities of pnosphoglycerate kinase 
(O-0) and adenylate kinlse (in hour-l) (D-0) during treatment 

at 4ooc, p;: 3.2. The protein concentration was 6.36 &ml. In the activity 
measurements the enzyme solution was diluted 20 000 and 100 times, respec- 
tively. 

Fig. 4. Distribution of radioactivity during the run of an ADP-ATP exchange 
experiment, performed with 37 w of 
for 30 hours (cf. Fig. 3). The 

phosphoglycerate kinase treated at,4C°C 
activity of adenglnte kicase was 0.002 ;J of 

the phosphoglycerate kinase activity. (o-o), AXE'; (a), ADP; (CHZI), ATP. 

Pig. 5. of phospho lycerate kinase (in min-') (O-0) and 
adenylateT~rn~~~i~~~~~ur-l ) (-7 versus the initial rate of incorporation 
of radioactivity into AT?, expressed as v  = (d(cpm)/dt)+C (in min-I). The 
specific activity of phosphoglycerate kinase !vas the same in all the prepara- 
tions used. 

phoglycerate kinnse activity, if expressed in comparable units. The rates of 

14 C-exchange between 119 and ATP catalyzed by the different preparations were 

determined. Pig. 5 shows the activities of phosphoglycerate kinase and 

adenylate kinase t respectively, versus the initial incorporation rate of 

radioactivity into ATP. The rate of incorporation increased with the 
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Vol. 57, No. 3, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

adenylate kinase activity. Xo correlation of this rate with the phospho- 

glycerate kinase activity ten be seen. 

Conclusions and comments. The present results clearly indicate that ATP in 

the binary enzyme-substrate complex is not able to phosphorylate yeast phos- 

phoglycerate kinnse. Earlier results (6,8) suggested that only about 35 % of 

the enzyme molecules could be phosphorylated and that the phosphorylation 

required phosphoenolpyruvate and pyruvate kinace to trap the ADP formed. This 

was not shown directly, for example by following the pyruvate kinase reaction. 

Fig. i shows that such a test is sensitive enough easily to detect even a 

partial phosphoxylation. The earlier used criterion for phosphorylation was 

appearance of 32 P in the enzyme peak after gel filtration on Sephadex G-25 

(6,8). Incorporation of 32,, L into any impurity having a molecular weight > 

5 000 would give the same result, however. The purity of the rabbit muscle 

enzyme, used in the above experiments, has been questioned (18). The specific 

activity of the yeast enzyme used was low also, 500-700 lJ/mg at '25'C instead 

of a value close to 1000 for a highly purified enzyme (10,18). Note that 

pyruvate kinase in the presence of phosphoenolpyruvate and ATP has been shown 

to cause phosphorylation of something unknown (19). Apparent phosphorylaiion 

caused by artifacts has elegantly been demonstrated and. discussed by IIass et - 

al. (15). Results of Biicher (11) indicate that yeast phosphoglycerate kinase - 

has a fairly high affinity for pyrophosphate. 

Despite all precautions earlier taken (7) to eliminate contaminating 

enzymes in the yeast phosphoglycerate kinase preparations adenylate kinase 

appears not to have been excluded as a possible catalyst of the ADSATP ex- 

change reaction for the following three reasons: 1. This enzyme has, like 

phosphoglycerate kinase (ZO), no thiol group essential for the catalytic 

activity (73). 2. Methylpyrocarbonate, which effectively inactivates for 

example nucleosidediphosphate kinase (EC 2.7.4.6) (7), has been shown to 

cause a small decrease in the phosphoglycerate kinase activity and a concomi- 

tant loss in the rate of the isotope exchange has been observed (7). Treatment 
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of our enzyme preparations with diethylpgrocarbonate, at conditions earlier 

used by others (7,8), caused a decrease of the activities of both phospho- 

glycerate kinase and adenylate kinase concurrently, about 30 '$ at 34'C (un- 

published observations). 3. 'Various nucleoside triphosphaten can to different 

extents replace ATP as a substrate of adenylnte kinnse (21). Thus, it seems 

pocsible that the earlier observed effects (7) of nucleoside tripnoaphates on 

the rate of the ADP-ATP exchange were caused by effects on the adenylate 

kinase reaction. 

'I;alsh and Spector have endeavoured to produce a rabbit muscle enzyme free 

from adenylate kinace (m,yoki=se). It is, honever, impossible from their 

paper (6) to zppraise how they succeeded. The rates of the partial ADZ'-i:'i'P 

excharqe ob-erved in our study (apparently caused by adenylate kinase activity 

being 0.001-0.013 $ of the phosphoglycerate kinase activity) nre of the SJle 

order of magnitude as those reported for the commercial yeast enzyme (7) and 

the rabbit muscle enzyme (5). .=s yeast phosphoglycerate kinase appears to lack 

AD%ATP exchange activity a Ping Pong mechanism (22) as an alternntive to the 

earlier suggested ternary complex mechanism (1,2) can be excluded. At present 

it cannot be settled, hov;ever, whether the enqme or the phosphoqrl-group- 

accepting substrate is responsible for the primary nucleophilic attack, 

occurring as an intermediary step in tne tern;:ry complex between the enzyme 

and its two substrates. 
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